The calibrated Cellular Potts model reproduces experimentally observed in vitro and in vivo ratios of Glioma Stem Cells (GSCs) in the U87-MG cell line when the frequency of GSC symmetric division events is 35%. The model verifies acute and fractionated irradiation yield enrichment in GSCs due to their reduced radiosensitivity. GSC radioresistance alone, however, while reproducing the 4-fold enrichment in GSCs after acute irradiation, is insufficient to yield the 6-fold enrichment after fractionated irradiation with equal total dose.
The cell lattice evolves through attempts by cells to extend their boundaries into neighboring cells' lattice sites, displacing the neighboring cells that currently occupy those sites. For each index-copy attempt, we randomly select a cell boundary pixel (source) and attempt to displace a randomly chosen neighboring cell pixel (target). The effective energy change, ǻE, is calculated by assuming the source cell displaces the target cell at that pixel. If ǻE is negative (i.e., the change is energetically favorable), the index-copy attempt is accepted.
If ǻE is positive, the index-copy attempt is accepted with probability (i.e. Boltzmann acceptance function): (2) where T m determines the amplitude of cell membrane fluctuations (equivalent to effective cell motility). These cell rearrangement dynamics involve utilizing relaxational Monte-CarloBoltzmann-Metropolis dynamics (3, 4) . On an N sites lattice, N displacement attempts are made in each Monte Carlo Step (MCS). The translation of experimental time into MCS depends on the average ratio of ǻE/T m (2) . Simulations are performed in the open-source CompuCell3D simulation environment (2) on a 4000×4000 square lattice with periodic boundary conditions and T m =50 (c.f., Eq. 2).
Assumptions:
Glioblastoma are heterogeneous with subpopulations of glioma stem cells (GSCs) and nonstem cancer cells (CC). The kinetics and interactions of both populations dictate dynamics of the population as a whole.
Basic cell kinetics
Cells are considered individual entities with a cell cycle (with length T c ) and a limited proliferation capacity ȡ=[0, ȡ max ]. For GSCs, ȡ max = . At each cell division, GSCs undergo symmetric division with probability p s to produce two GSCs with identical features, or with probability 1-p s asymmetric division to produce a GSC and a CC with limited proliferation capacity ȡ max . The proliferation capacity ȡ is decremented at each CC division and inherited by both daughter CCs. CCs die when a proliferation attempt yields ȡ<0 (Figure 1) . To model proliferation, cell target volume V target (ı) is increased with growth rate k until the actual cell volume v(ı) is doubled. If the local environment is not favorable for cell growth and cells cannot reach their target volume (that is, the effective energy change, ǻE for a cell to increase in size is so large that the Boltzmann acceptance probability P (c.f., Eq. 2) becomes infinitesimal), cells are considered growth arrested, or quiescent.
Radiation response model
After exposure to irradiation cells become arrested in the cell cycle and attempt to repair radiation-induced DNA damage (5) . The probability of successful repair and thus cell survival after application of dose d is modeled using the established linear-quadratic (LQ) model:
where Įd describes cell killing due to a single event, and ȕd 2 describes cell killing after
Introduction
GBM are among the most lethal primary human malignancies, possessing rapid growth, high invasiveness and treatment resistance. Standard treatment for GBM comprises surgical resection of the gross tumor mass followed by radiotherapy of 60 Gy in 30-33 fractions of 1.8-2 Gy (9). The prognosis for patients with GBM remains poor because of refractory response to radiation and other treatments (10, 11) . Therapeutic failure is due, in part, to tumor cell heterogeneity derived from both genetic and epigenetic sources (12) . GBM frequently recur after treatment with ionizing irradiation (IR) (13) shown to be highly resistant to IR due to more efficient DNA damage response mechanisms and environmental survival cues (11, (19) (20) (21) . By detecting the expression of CD133
(Prominin-1), a pivotal marker of putative GSC, the percentage of GSCs as well as their population size was found to be increased after radiation exposure (11, 21, 22) . Importantly, (11, 23) . The survival and increase of the GSC population during radiation therapy may be a leading cause of accelerated and more aggressive GBM recurrence after radiation therapy.
In the present study, we found that resistance of GSCs to IR alone is insufficient to explain the experimentally observed increased GSC ratios after fractionated radiation treatment. We
show that an additional radiation-induced shift in GSC division in favor of symmetric division or a faster cycling time reproduces the reported in vitro and in vivo enrichment of GSCs (22) . Based on our previous studies (8, 17, 24, 25) , we develop a cellular Potts model (CPM) that simulates cancer stem cell-driven GBM growth and radiation response. In particular, this model estimates symmetric and asymmetric GSC division rates before and after irradiation, and simulates the growth dynamics of the irradiated GBM population with and without irradiation-induced constitutive changes in GSC division dynamics.
Materials and Methods

Cell Culture
The U87-MG cell line was obtained from American Type Culture Collection (ATCC, Bethesda, MD, USA) where cell line authentication and species identification was performed. is evoked by setting proliferation capacity ȡ=0.
Parameterization
We set the initial size of a cancer cell in the cellular Potts model (CPM) to v 0 =4×4 pixels. We estimated the average diameter of U87-MG cell, r, in vitro at approximately 10 μm (n=20).
Using these measurements, 1 pixel equals 2.5 μm×2. and a reduced sensitivity of ȟ=0.5 is assumed for non-cycling quiescent cells (30, 31) .
To match the reported increase in GSC fraction after different doses of irradiation (22) for GSC alone are insufficient to explain the reported data. Nevertheless, GSC radiation response parameters need to be reliably identified in the future. From the dose response survival curves (Figure 3 ) we estimate the GSC radiation protection factor Ȝ GSC =0.1376 by applying 4.5-fold lower apoptosis rate than CCs (Ȝ CC =1) at 3 Gy radiation as reported (11) .
Model parameters with their values are listed in Table 1 .
Results
Tumor population growth
To compare in silico tumor population formation with observed in vitro morphologies we place a GSC in the center of the computational lattice and monitor tumor growth for 15 days.
The seeded cell performs a random walk and gives rise to two daughter cells that subsequently repeat the aforementioned dynamics. An initially sparse collection of cells forms an in silico tumor population ( Figure 2D ) comparable to in vitro U87-MG growth ( Figure 2C ). Long-term population expansion mimics self-metastatic spread due to the complex interplay of GSCs and CCs as previously discussed (17,32) ( Figure 2E ).
Estimation of GSCs symmetric division rate
The fraction of U87 CD133 + cells in vitro and in vivo has recently been estimated to be 1.8-3.0% (33) , which is comparable to 2.51 ± 2.12% GSCs reported in primary GBM specimens . 
tumors from one GSC to a population of ~10 5 cells with average 1.81% GSCs (n=5) ( Figure   4 ).
Enrichment of GSCs
We simulate continuing tumor growth either without (control) or with exposure to IR, and compare GSC fractions and tumor progression rates. Utilizing available data in the literature we simulate single-dose irradiation with 6 Gy. At 48 hrs after irradiation, the simulated percentage of GSCs is 7.4%, approximately 4.1-fold enrichment relative to the untreated control (1.81%, c.f. Figure 4A ), reproducing the increased ratios of GSCs reported in the literature (3-5 fold) (11, 22) . The observed enrichment is due to (i) a larger fraction CCs being killed by IR, and (ii) GSCs re-entering the proliferation cycle.
Surprisingly, GSC enrichment to 10.33% after fractionated radiation of 3×2 Gy as reported experimentally (22) was not observed in the CPM, even if increased damage repair in GSCs (11) yields no GSC cell cycle arrest and immediate advancement in the cell cycle ( Figure 4A ).
This disparity indicates that the increase in the proportion of GSCs was not only caused by selection of a radioresistant subpopulation but also an increase in GSC population. Therefore, we hypothesize that repeated exposure to radiation might alter the division kinetics of GSCs.
The underlying mechanisms might be comparable to activated signaling pathways such as Sonic Hedgehog (SHh), Notch, Wnt and epidermal growth factor receptor (EGFR), that enable the expansion of the somatic stem cell pool through increased symmetric division during normal development and wound healing (34) . Radiation has furthermore been shown to activate the AKT/cyclin D1/Cdk4 pathway in human glioblastoma cells (35) , which yields a significantly shorter cell cycle time of 15-16 hrs in human embryonic stem cells compared to somatic cells due to an abbreviated G1 phase (36 either symmetric division probability p s or GSC growth rate k increases during repeated exposure to IR or, as considered herein, constitutively after the second fraction of radiation. are unanimously greater than 0.05 (Table 2) , while untreated control tumors grow at a rate of 0.0389, which is in excellent agreement with previous untreated glioblastoma growth rate estimations (37, 38) . Tumor composition 30 days after treatment began, however, is remarkably different for tumors after fractionated irradiation following the different hypotheses discussed above. While tumors with a shortened T c =12 hrs (hypothesis (ii)) have the fewest stem cells, their total cell number is the highest due to frequent production of CCs.
Applying a constitutive (i) increase of
Tumors formed by GSCs with largest p s =0.75 (hypothsis (i)) contain the largest number of
GSCs, but the least overall total number of cells due to the longer cell cycle compared hypotheses (ii) and (iii) ( Figure 4B ,C). Exposure to single 6 Gy IR also yields tumors of pre-treatment size within 7 days ( Figure   4B ,C) but the modest increase in GSC numbers does not yield an apparent accelerated growth in the short time frame observed. The tumor population growth rate of 0.0445, however, is slightly larger than that of the untreated control, and the thus treated tumor is expected to outgrow the untreated tumor 49 days after treatment. The simulation statistics are summarized in Table 2 .
Discussion
We have presented a CPM of GSC and CC kinetics in glioblastoma growth and response to IR. The study aimed to identify cancer stem cell division modes that generate observed frequencies of cancer stem cells in GBM, as well as the role of GSCs in glioblastoma response to IR and subsequent accelerated repopulation. The key cell kinetics parameters in the model were calibrated using experimental data obtained in our laboratory as well as from the literature, yielding simulations of population growth that are in good agreement with experimental results. We obtained the best agreement with reported fractions of GSCs if symmetric division occurs in 35-45% of mitotic GSC events. Whilst these division probabilities reproduce experimentally observed enrichment ratios after single-dose irradiation, our simulations reveal that such frequencies are insufficient to reproduce the 6-fold enrichment observed after exposure to identical dose delivered in smaller fractions.
We hypothesized that fractionated radiation increases activation of GSC signaling pathways such as AKT/cyclin D1/Cdk4, SHh, Notch, Wnt and EGFR, which have been shown to orchestrate stem cell survival, self-renewal, proliferation, and differentiation during normal tissue development and repair (34) (Figure 5 ). While these pathways that are tightly regulated in normal tissue, it is conceivable that their regulation is aberrant in tumors ( Figure 5 ). Recently, Lathia and colleagues showed that GSC division mode is regulated by growth factors including epidermal growth factor (EGF) and fibroblast growth factor (FGF) (39) .
EGF-mediated signaling pathways have been shown to contribute to increased migration, survival, proliferation and self-renewal capacity (40) , and to maintain the stemness of GSCs with enhanced malignant phenotypes (41) . SHh-Gli signaling is required for self-renewal and tumorigenic potential of GSCs, and its inhibition is able to prevent GSCs proliferation (42) . 
cell cycle progression as well as symmetric division of GSCs. The simulated example with p s =55% and T c =18.5 hrs (both mechanisms modulated by half of the estimated difference when altered individually) reproduces the experimental data similarly well with biologically relevant parameter values. Increase in GSC symmetric division rate appears to be the dominant mechanism for increasing the GSC pool, which is in line with previous calculations that regulation of self-renewal is essential for efficient repopulation in the healthy hematopoietic system (50) . Future experiments will need to identify which of the discussed hypotheses is prevalent after fractionated irradiation of glioblastoma cells.
Taken together, the presented study reveals that sub-lethal perturbation of a primary GBM selects for and increases the more aggressive subpopulation of GSCs, yielding accelerated repopulation, fast recurrence and worsens prognosis, as previously hypothesized (11, 23) . If
GSCs survive irradiation, recurring tumors show increased population growth rates.
Consequently, pre-treatment tumor sizes will be acquired relatively shortly after irradiation with inadequate dose, and inevitably such treated tumors will outgrow untreated control.
Whilst the diffusive nature of GBM is the major cause for tumor recurrence, fractionated irradiation-induced increase in GSC self-renewal capacity and/or accelerated cell cycle progression are conceivable as general mechanisms contributing to tumor resistance and accelerated repopulation after apparently adequate radiation treatment.
For computational convenience we focused in our study on early microscopic tumors. The only parameter in the presented model that we are unable to estimate (and to our knowledge has not been reported in the literature) is the proliferation capacity ȡ max of CC. We assumed ȡ max =10 based on previous simulation results that revealed aggressive tumor progression for this parameter value (17). This parameter, however, plays a pivotal role in modulating the frequency of cancer stem cells in solid tumors (52) . Therefore, the estimated GSC symmetric division rate of 35-45% to yield 1.8-3.0% of GSC in the total tumor population is only an estimate that is closely linked to the chosen CC proliferation capacity.
Further experimental work into identifying the proliferation capacity of CC is required to confidently derive GSC division modes pre-and post therapeutic intervention. Furthermore, our studies were carried out on the U87-MG glioblastoma cell line that was reported in the literature (22) . This cell line has limited capability to recapitulate the in vivo biology of human glioblastoma, and further validation on primary GSCs are required before profound conclusions for treatment planning can be drawn. Proposed GSC response to fractionated irradiation exposure. 
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